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ABSTRACT

The collision and coalescence of drops are studied with emphasis on the
effects of electrostatic forces. A historical review is used to point out
some of the esrlier researci in this field of study.

A mathematical model describing the effects of forces acting on two

spherical drops immersed in a viszcous medium is described. The model

Sy includes the interaction of the cdrops with an externally applied electric

&

- fieid and with any charge present. The collision efficiencies between pairs
I

i of drops ranging in size from 5 tc 70 microns in radius are given as a

. #

result of computing the grazing trajectories of the smaller droplets
relative to the larger drops. For a fixed droplet size, the collision
efficiency is found to increase as the drop size is increased. However,
applied electric fields produce increases in the collision efficiency for a
given pair of drops. For example a horizontal electric field of 3600 volts
per centimeter increases the collision efficiency of a 30 and 5 microns drop
pair by a factor of 34.5. 21sc for a given pair of drops with chavges of the
same sign, the collision elficiency decreases to zero as the charges increase
in a field-free region but incrsases in value when a vertically applied field
is present. When the charges on a given drop pair are of opposite sign,
the collision efficiency increases to values greater than unity as the charges
are increased in a fi2id-free region but may decrease in value when a
vertically applied field 1s present.

The coalescence »{ a peir of drops 2 millimeters in radius immersed in
air is investigated by first considering a mathematical model which includes
the hydrodynamic flow cof the air from betweca the two approaching surfaces,

the effezt of the flatterning of the adjacent surfaces,and the effect of an
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slectric potential betwoen the drops. With this model the time required
for the surfaces to move a given distance is determined as a function of
the viscosity of the air, and the potential difference. High speed
photographs ol the profile view of two colliding drops are used in
support of this model. The time interval between the initial deformation
of the approaching drops and their coslescence, the rate of growth of the
flatten deformation of the adjacent surfaces, and the collision velocity
of the drops are measured. It is found that the time for coalescence is
independent of moderate charges in the air pressure, varies invergely with
the potential difference, and decreases for aa increase in the collision

vealocity. Also the time interval during which charge flows between +h

drops before they actually coslesce is investigated.
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CHAPTER I

INTRODUCTION

The collision of swmall particies with a vollector is an important
problem in several aress of intsrest. For examplie, this is the fundamental
mechanism by which dust and smoke are removed in many types of air clean-
ing equipment; it is the method by which water drops are collected on air-
craft wings and turbine blades resulting in icing; 1t produces wash-out
from the air of particuliate matter from industrial pollutionm and atomic
explosion residues and it plays a role in the formation of clouds and in
the development of rain.

A particular problem which is ~f grest intcrest is ihe growth in the
size of liquid drops by the collision and coalescence of two particles
borne in a ‘ulid medium. Viscous forces arise from the fluid flow around
the particles. These viscous forces affect the trajectories of the particles,
and, therefore, the conditions under which the two particles collide.
Coalescence itself is a second stage of the process, since it is by no
means certain that two liquid drops will coalesce if they collide.

This aggregate process is of great irterest to cloud physicists to
help explain the rapid growth ¢f small cloud droplets into rain-size drops
which occurs in non-freezing ciouds. 1Initially, water droplets are
formad by the condensation of mecisture on small nuclei. The droplets grow
to about an gverage radi'is of 6 microns and have approximately a Gaussian
size distribution (We:ickmann and aufm Kampe, 1953). However, warm clouds
have zn average drop radius of 30 microns and Best (1951) showed that the

condensation process was too slow to pveduce these larger drops. Also.




gince the lower limit of raindrop radius is about 100 microns, the coalesce
process is necessary to explain the rapid produection of rain size drops
froe these warm clouds. Findeisen (193%8) was the first to calculate the
growth by the coalescence process of a drop falling through a given cloud
thickness. However, he did not accept his own calculations thinking they
were unsubstantiasted by chservations. Other investigators such as Moore
and Vonnegut (1960) have indicated that only by having high collection
efficiency of cloud droplets can the rapid change in the droplet size
spectrum of warm clouds by explained.

Although it is recognized that the aggregation of water drops in-
volves the two independent stages of collision and coalescence, very few
experiments are able to separate the two processes. The collision pro-
cess which is of initial importance in bringing the drops together has
been approached both from the theoretical and experimental point of view.
However, vo_y little is known about the coalescence process and only a
few experimental observations are available.

The investigation reporied in the following pages has been separated
into two psrts, i{.e., the conditions leading to the collision of two
water drops and the parameters governing the coalescence of two water
surfaces immersed in air. It was of primary interest to determine the
influence of electrostatic forces due to either an externally applied
electric field or the presence of a net charge on either or both drops.
For convenience, all measurements of drop sizes in the rest of this report
have been given as the radius of the drops and the smaller of two drops

has been referred to as the 'droplet’. The collisions between drops and
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droplets were determined frox the computstion of the trajectories of the
droplets while subjected to gravitational, hydrodynamic, and electrostatic
forces. Collision efficiencies wers determined from collisicns in azir
for water droplets yanging from D microns %o 50 microns with a wids

range or net charges and applisd slectric fields.

The coslescence of two water surfaces was gtudied by taking high
speed photographs of two colliding drops suspended from two hypodermic
needles. From the profile view of the colligion, measurements of the
time interval that the surfaces were in contact before coalescence
occurred were taken and the rate of growth of the resulting drop was
determined. The effects ¢f an electric potential difference between the
drops, the collision velocity of the approaching drope, and the air pressure
of the enviromment on the cozlzescence process were investigated. Also,
investigated was the time irnterval before coglescence, during which charge

flowed beiween the approaching drops.

Raticnalized mks units are used throughout the following chapters.



CHAPTER 1I

HISTORICAL REVIEW

Setting up s well controlled experiment or postulating 2 working
model of the collision and coalescence of ligquid drops immersed in z
viscous medium hag proved to be very diflicult. Stokes as early as 1845
was interusted in the motion of objects in a viscous medium. But even
up to the present time no completely general description has heen determined
for two drops in proximity. However, s limited amount of both theoretical
and experimental work has bLeen reported and most of the important work is
outliined in this chapter.

2.1 Theoretical Aspects of Computing Collision Efficiencies.

The first step in attempting a mathematical analysis of the problem
of possible collision between particles is to identify and to state the
process or processes of greatest importance and the physical laws on
yhich these depend. A complex assemblage of particles can be reduced to
only two particles immersed in a fluid. This obviously ignores the
perturbing influence of all the other particles but is generally accepted
for moat applications. Purther physical simplifying assumptions are that
one particle is much larger t>an the other and that both particles are
s .ierical in shupe. This particle is the collector and will be referrec
to as the 'drop'. The smaller particle is the collected drop and will bLe
referred to as the 'droplet’'. If care is exercised, large deformed drops

and irregular solid particles can be taken into account and the same

approach can still be used.
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When one particle is much larger than the other, the fluid flow
pattern is assumed to be characterized by the flow around the iarger
Most workers have assumed that the droplet doeg not affect this flow
pattern; therefore, the determination of the flow pattern around the
drop is of great importance.

2.la Hydrodynamics

The Navier-Stokes equation which describes the flow for a viscous
fluid is non-linear and a general solution for the steady flow past a
fixed sphere has not been determined. It is assumed that the fluid has
no slip on the surface of the gphere and a uniform flow at infinity.
Stokes (1851) was the first to consider this problem and obtained a
solution by ignoring the inertia force in the differential equation.
However, at a distance from the spher: where the uniform stream has been
reached, the inertia force and the viscous force become comparable in
magnitude and Stokes' solution is no longer valid. Whitehead {1889)
attempted to improve this solution by obtaining higher order approximations
of the flow. He used Stokes' solution to calculate the neglected inertis
terms by dev~loping an iterative procedure. However, the method failed
because it was not possible to match the resulting velocity with the
uniform stream at infinity.

Oseen (1910) assumed that the sphere caused a small perturbation in
the uniform parallel flow and neg'ected the second order periurbation
terms which took into account the inertia terms. The Oseen's equation
which resulted is a linear approximation of the Navier-Stokes equation.

But since the perturbation close to the sphere becomes large, Oseen's




solution ia oprly valid away from the sphere. Goldstein (1929) worked out
the exact analviica: solution of Useen's linearized equation for the case
of steady Zlow ol an incompressible viscous fluid past a sphere,
Tomotika and Aci (1850) and Pearcey and McHugh (1955) used Goldstein's
solution to determine the flow pattern around a sphere for v rious
Reynolds numbevs but did not improve the range of validity of the solution.
By assuming a special form for the solution of the flow pattern which
satisfied an integrated form of the Navier-Stokes equation, Kawaguti (1943)
was able to obtaln a solution for the first and second order terms of the
eguation. Although Kawaguti {1950) wmade mmerical corrections to his
previous work, nothing new was developed.
A new approach was used by Lagerstrom and Cole (1955) and Kaplun
and Lagerstrom (1957) which expanded the stream function into two
expangisoaus in termg of the Reynoclds number. One expansion was good in
the region ciose to the sphere and the other expansion was good for the
outer flow. These expansions were substituted into the Navier-Stokes
equation to yield the separate coefficients of the expansion since only
one set of physical bourdary conditicns was applicable to each expansion.
A unique sclution was derived Ly employing a procedure which yieldsed a
higher order approximation of the Zlow. Therefore, the linearized
Stokes analysis near the surface ol the sphere was tombined with the
Oseen anaiysis far from the sphere for small Reynoids numbers. Later
Proudman and Pearson (195/) extended Kaplun's meithod to obtain additional

terms for the stream function expansion.
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By employing a digital computer and using a8 relaxation method,
Jenson (1959) numerically determined the stream function about m» fixed
sphere for Reynolds numbers of 5, 10, 20, and 40. 7This method gave
satisfactory results but was inconvenient to use since a large table
of values had to be generated.

Hocking (1958) determined the drag forces when there were two spheres
of comparable size present. Since he used the Stokesg linearizatioa of
the Navier-Stokes equation, his results were limited to Reynoids numbers
less than one. His calculations wer: based on the superposition of twe
solutions, one when the relative motion of the ftwo spheres was along their
line of centers and one when it was at right angles to this linz of centers.
Since the solution for Stokes' case is lipear, the superposition of these
two solutions did give the drag forces for any relative motiova petween
the two spheres for which the Stokes approxiuations apply. after the
fluid flow was determined around the drop, the viscouus drag on a lJroplet
was token to be directly vroportional to the relative velocity of +the
droplet in this fluid. tokes derived a simple law for caiculating the
drag for small spheres which wss used for larger sphera2s after being
corrected by the use of a drag coefficient determined experimentally as
reported by Davies (1945)

2.1b Electrostatics

It is necessary to determine the electrostatic force on the two
drops if this force is to be considered. The easivsi ~ase ¢c hagnule is
that in which the drops can be considered as conuducting spheres. The

electrostatic force can be apprcximated when a uniform electric field is



applied by dotermining the irter. +.0on hetween induced dipoles of spheces
as calenlagted by Smythe {(1950). .amythe Llso derived a more accurate
exp.esston for the force along the line of centers of the two conducting
spherés in a soniforer field. For the case ¢of chargea apheres with no
applicd field, the method of images can be used toc compute the mutual
foree action botween the spheres. A more thorough treatment of the
electrostatic problem of two spheres was gilven by Buchh»lz {(1957); how-
ever, tie most thorough treatment to date was reported by Davis (1962).
Lavin deterwined the forces on two conducting spheres, charged o un-
charged, in an applied unifom e.ectric field witk aay orisntation.

2.1lc. Bguations of Mrtion

The squations of potion of the droplet cuan be written ineluding the
various forces which are assumed to be acting on it such as gravitation,
vigeous force caused by the fluid, and electrostatic force due to both
cha#gs and an applied electiric field. 7%hese equations are non-linear
and nrust be solved nurerically. Therefore, the numeiical technique
iuvarishly uzes a step-by=step solution of the individual trajectories
of the sm~ll dreoplet. The trajectory is usually deverminsd for given
initial c¢conaitione where the droplet is . grea: distance from the drop
and is & distauce y from the line through the cente¢ of the drop sand
parallel to the relative fluid flow. Bacn trajectory either hits or misses
the larger sphere and vhe value yc. which corresponds to & grazing trajectory
with 1he drop is found Dy a trial-and-error. The collision cross-seciion or
the collision efliciancy Ec is thea determinecd as yca/(ﬁi + as)*, where 8
i1 the radius of the drop and as is the rsdius of the droplet. The main

objective of this type of computction is to 2veluate Fc under various corditions {
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2.1¢ Coliicion Efficiencies_

Many investigators have attempted t¢ determine the collision efficiency

between two drops and ewchk have made different assuwotionsg in order to
cbtain a solution. Sell (1931) essurcd ideal fluid flow zround the drop
but apparently neglectcd any gravitationsl or electrostatic forces. He
did not give any detalls about the ‘alculation; therefore, his work is
mainly of historical interest.

Langmuir and Blodgett (1944-1948) evaluated the collision efficiency
of two failing drops by assuming cnly a drag force on thke droplet caused
by an ideal fluid flow around the dyop which is only valid for a very
large collector drop. The droplet was takes as a point mass and a
diffe ential anslyzer was used tc calculate the trujectorieg. Later
Langmuir (1948) evaluated a similar 2fficiency for smaller collector
drops by assuming a Stokes flow pattern arcund the drop. From these two
sciutionz, Langmulr made a guess as to the collision efficiency for
intermediate sizes of drops. His work hes been shown (c be in fair
agrseuent with experimental results. Das (1950) computed the droplet
trajectories using the approximation of an ideal fluid flow but, unlike
Langmuir, took into account the size of the droplet. No details were
given about his method of ccuputing the trajectories and the results
were given only graphically. Ludlam (1951) made rough corrections to
Langmuir's calculsted coliision efficiencies by assuming that the path
of the center ot a drcpiet of finlte radius as would be that ceslculated
by Langmuir. but displaced by a distance a_. An electrostatic force was
added to this model by kanz (1959) who included the interaction of the

induced dipole of each drop in the presence of a uniform electric field.
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Pearcey and Hill (1957) have given a trestment using Oseen's approxi-

metion for the flow around the drop and taking into account the effect of

e s O D1

the droplet motion on the larger sphiere by superposing the individual
flow patterns. Thig is obviously not satisfactory when the two drops
are in proximity since the system 1s non-linear. The equations of motion
g were solved by a digital computer and were extended up to a Reynolds
number of 40. Within the framework of the assusptiong, the results were
sccurate and there was no interpolation between the extreme cases as in
the cese of Langmuir's results.

Hocking employed the drsy force he had determined for two spheres
of comparable size and in the Stokes range. He evaluated the collision
efficiency for drops oY apout 30 microus to which the Stokes linearization
was applicabie. The mogt important point which emerged from this calcu-
lation was the fact that wien the drop had a »adius of 18 micions or less
its collision efficierncy was zero for all smaller droplets. This radius

was much greater than the cut-off value of about 6 microns found by

Perrcey and Hill.

Sartor (1960) indicated that he used Hockixg's drag forces and an
expression for the induced electrostatic force between the drops resulting
from an appiied uniform electric field. No details were given as to
how he actually set up his equations of motion, but 2 digital computer
was used to determine a limited number of collision efficiencies for
normally non-colliding droplets when a uniform field was present.

Lindblad and Semonin (1963) computed collision efficiencies using
Proudman and Pearsoa's (1956) results for the fluid flow pattern around

the drop with both an electrostatic force due to the induced dipole
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caused by an appliied electric field, and a force due to gravity. They used
a digital computer to determine the collision efficiency of drops in the
range of 30 to 50 microns and for fields up to 3800 volts per centimeter.
Calculations show that collision efficiencies may be increased 2s much as
2400 per cent in horizodntal fields of 3630 wolts per centimeter when only
the dipele interaction was included.

Shafrir and Neiburger (1963) used a modification of the relaxation

s ol DD B VB e

method, first used by Jenson, to determine the fluid flow pattern around

&

Py

each isolated drop. The interaction between the flow patterns was approxi-
- mated by superimposing the two separate fliow patterns around each drop even
though the flow patterns were sclutions of a ncn-linear differential
equation. The force due to gravity was also included and the collision
efficliencies of drops up to 136 nricrons were determined by the use of a
digital computer. Hocking's work was used ss a standard and Shafrir and
Neiberger': work proved to compare fuvorably in the over-laping range. No
consideration was given tc the effects of any electrostatic force.

2.2 Experimental Collision Efficiencies

Experiments to investigeste the collision-coalescence process are of
two types. The first type of erperiments are performed on actual cloud
droplets and the results are imnediatcly applicable to natural clouds.
Because »f the very small size ¢f c¢lioud droplets and the rather high
terminal velocity of larger drops, these - —eriments are difficult to
perform. The se2ccnd type »f experiment 1s decigned to overcome these
difficulties by using a modeling technique wherz2by cloud drcplets are
simulated by drops cof macroscopic size moving through a liquid. But

I these result. sre on'y a gqualitative interest since the modeling of
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aatching Reynolds numbers of drops falling through a 1iquid, to those of

cloud droplets falling in air, holds only for uniform, unaccelerated

motion. Thais failure of the modeling technique 1s a res it of the fact

that in air most of the kinetic energy of motion is associgzted with the

droplet, while in 2 liquid environment, because of its greater density,

3 YRTH SYRRPH R TR R

much of the kinetic energy is carried by the medium surrounding the drops.

2.2a <Cloud Size Droplets

TSR TR

Findeisen (1932) observed that the drop size of a fog in an enclosed

space increased and he interpreted this as evidence of the collision and
coaslescence of the dropiets. But this obgervation could have glso re-

sulted from an evaporation-condensation process. Observations of small

JOTRRPRNpRp S IR

fog droplets using a microscope were reported by Dady (1947) and Swinbank
{1947) who ouserved many collisions without coalescences between droplets
of radius 2 microns.

Gunn and Hitschfeld (1951) investigated the collection efficiency of

1.5 millimeter drops falling through a cloud of smaller droplets of

6+~100 microns. They weighed the drops before and after passage through a
3 meter column of uniform cloud droplets. The experimental results were
in agreement with those computed by using the theory of Langmuir and
indicated that the assumption that coalescence always occurs for each
coiligion was valid. No effect was found when the collector drop was
charged to + .87 x 10"10 coulombs and it wag concluded that charging was
therefore unimportant as far as the later stages of growth of raindrops
was concerned.

A study of the coalescence of water droplets of approximately equal

size was made by Telford, Thorndike, and Bowen (1955). A uniform cloud

N N ——
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of droplets approximately 75 wicrons in radius was produced by a spinning
disk. These dropletg were injected into a vertical wind tunnel where the
speed of the air was adjusted such that all droplets moved slowly upward
through the field of view. Any larger drops formed by cozlescence of
two cloud droplets then moved down through the field of view and were
recovded photographically by using a film moving at right angles toc the
direction of travel of the droplets. The experiment indicated an un-
expectedly high collision efficiency, Ec = 12.6 + 3.4, and was explained
qualitatively on the basis of capture of the upper droplet by the wake of
the lower. Pearcey and Hill (1957) gave a value of Ec = 12.6 for droplets
of radius 80 microns which is in agreement with the experimental results.
The agreement also indicates that the assumption of a coaiescence for
every cocllision is substantially valid. The experiment was also arranged
such that all drops were charged and the droplets could either all be
charged with the same sign or an equal number having an opposite charge.

It was found that unlike charges of the order of 2 x 10-13

coulombs per
65 micron drops increased the coagulation rate by a factor from 2 to 20
depending upon the droplet concentration. However when all droplets were
charged with the same charge, coalescence appeared to be completely
inhibited. [ =eWll¥ very likely that most of these effects were caused
by the changes in the collision efliciency but it was possible that the
coalescence process also coul« have been altered.

By tracing the growth of single drops as they fell through a

dense fog, Kinzer and Cobb (1958) obtained the collision efficiencies

for a wide range ot collector drop sizes. A dense uniform fog with
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droplets of 5.5 to & microns was formed in e vertical wind-tunnel and the
growth of a single drop was observed by mesns of a micrescope. The drop
was kept statiosary by adjusting the air speed through the wind-tunnel.
The collection efficiency of this growing drop was found to decrease
sterdily ¢to less than 0.2 for drops between 20 and 40 microns. The
collection efficiency then rose to neerliy unity for 200 aicron drops and
fell again to smuell values for drops greater then 1000 microns. The
collection efticisncy for drops greater than 20 microns was roughly in
agreoment with the calculstions of Langmulr. For drops less than 20
microns the experimental procedure was difficult, and himidity and
temperature were carefully controlled to avoid size change due to
evaporation—-condensation. The case in which both tke collector drop
and the cloud droplets were charged was investigatad., It was concluded
that little effect on the collision efficiency was found for drops
greater than 8 microns in redius, although thsre were some indications
that drops did cosalesce spontaneously when they came within 2 or 3
microns of each other.

2.2b Bcaled NModel Droplets

The basic faulis of the model experiments hsve alreadv been pointed
out. However, Sartor (1954) comstructad a model consisting of water drops
a few millimeters in diameter felling through mireral oil. Mauy of the
effects discussad in this chapter were observed, such as the pushing aside
of small droplets and the effect of drop wake, but no coalescencz was observed
despite many collisions. This faiiure to cbserve coalescence seems to
indicate the diiference in structure of the oll-water interface and

illustrates a fault of this modeling technique when compared to water
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droplets in air. However, when an electric field was applisd veriically
in the tank, coalescences occurred. There was negligible effect on the
droplet trajectories if the fields were less than 200 volts per centimeter,
but the coalegcence efficiency on collision rose from zero to 100 percent
&s the applied field was varied from zero to about 240 volts per centi-
meter, the variation being approximaetely linear. No calculation of the
reiationship of the field strengths in this model to those in a cloud
situation was given.

A model using steel balls falling through a concentrated sugar
solution was employed by Schotland and Kaplun (1956). After Scheotland
{(1957) made some correcticus in the results, the collision efficiencies
were found to follow the pattern calculated by Pearcey and Hill with the
exception that the overall values were higher and there was apparently
no cut-oiff for small drops.

2.3 Coalescence Experiments

Rayleigh ®€1845) was one of the first investigators to report the
significance of the coalescence of liquid drops. He explained the
dispersion of drops from a jet of liquid shooting up into the air as
the result of drops bouncing from each other. When the drops were
charged properly, the jet was made to collapse back on itself with very
little dispersion. This observation was explained by the increase in the
coalescence of the colliding drops with charge. Since that time many
investigators have been interezted in learning-more about the process
which leads to the coalescence of two liquid surfaces.

Observations of water drops bouncing across the surface of pure

water were reported by Reynoldz (1881) Howeveor, ke al=0 obscrved that
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if the surface of the weter was dirty any drops failing on the surface
would coalesce immediztely. He concluded thai asy scum on the water
reduced the surfsce tension and enhanced the cozlascence. It is generslly
zzcepted that the definitian of the srabliivy of a liguid drop ig the time
the drop ig in proximity of 2 gecopd liquid surlzce belore cualescence
QLCULS .

Hazelhurst snd Neville {1837% found that drops of certain liquids,
falling from a limited height onto a liguid surface, do not immediately
coaleace with the body of the liquid, but may roll or remain at rest
uypon the surface for a short time. BRowever, nou-polar or molecular
gtructures which have a low moment of inertia have a2 short rotetion time
and are less strongly oriented res:zlting ip a short time for coalescence.
fxemples in this category are water, elesstrolytes, formic acid, formaldi-
hydes and ethylene glycel. HKazelhurst and XNeville concluded that the
character and stability of the oriented surface film was the determining
factor for coalescence.

By using interference patterns, Derjaguia and Kusazakov (1939) messured
the digtance between a8 flat plane and an approaching bubbtile and discovered
tpat not only did the bubble flatten at a finite distance from the plane
but that a dimple formed in the middle of this deformation. Their findings
alzo supnorted the theory that hydrodynamics of the air film trapped
between the surfaces determimed the cozlescense properties of the system.
Elton (1948) included the effect of an electrostatic force on the viscosity
of the trapped air film in attempting to improve the theory of this system.

The rate3 of coalescence of oil drops in wa=-er and water drops in oil

heve been messured in the presence of various chemical agen:s by Co-kbain

goened  gpenecd
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and McRoberts (1953). It was concluded that the main factor determining
stability in all the systems examined wgs the resistance to wetting of
segments of the abgorbed film by the discontinuous phase.

Gillespie and Ridial {1955) alec studied the etability of drops at
ar oil-water interface. An analysis of their results indicated that a
film was formed between the drop snd the interface which drained unevenly.
Rupture of the film leading to coalescence was found to be a statistical
process and very dependent on any temperature gradient in the system.

The thickness of the air gap separating the colliding surfaces was
again measured by the use of light interference patterns by Prokhorov
{(1954). He varied the humidity of the air around the liquid snrfaces
and found that for volatile liquids, if the humidity approached zero per
cent, the liquid surfaces would remain separated without coalescence for
long periods of time. However, for 100 per cent humidity the surfaces
would coalesce very rapidly. He concluded that the outflow of tne vapor
from the liquid surfaces created a hydrostatic pressure which kept the
surfaces from moving together. He also verified that a dimple does form
at the center of the deformed surfaces.

Liquid drops floating on a surface of the same liquid were studied
by Linton and Sutherland (1956). They found that the time for coalescence
of the drops with the bulk liquid was proportional to the diameter of the
drop and the time for coalescenze of the drops with other drops was pro-
portiocnal to the cube of the aiameter of the asmaller drop. It was also
concluded that dropsz larger than 0.0H centimeters would bounce while drops

less than 0.025 centimeters would coalesce.




The coalescence of witer resting on an oil-~water interfmce was
stvdied by Elion and Picknett (1957) where the temperature and contamina-
tion was carefully controlled. Their results rupported the theory thet
the drainage of the liquid trapped between he drop and the interface
controls the time f{or coslescence. However, they concluded that an
electrical double layer force was important in forcing the trapped
tiguid out between the approaching surfaces.

The rate of coalescence of oil globules in water was studed by Van den
Tempel (1957). He found that the thickness of the water filz between the
oil surfaces at the moment before coalescence decreased with an increase
in electrolyte concentrstion. He postulated that an additional repulsive
force was present in the system other then electrostatic repulsion and
van der Waals-London attractio:n.

Nielsen, Wall, and Adam: (1958) found from oil-water interfaces that
water drops are more stable if an oll soluble agent was added and oil
dropg were more stable if a water goluble agent was added. Both types of
drops were less stable with an increase in temperature and it was con-
cluded that any factor which disturbed the oil-water interface on a
molecular scale Jdecreased the stability of the drops.

By studying drop coalescence with a flat surface of the same
liquid, Charles and Mason (1960) also found that the stability of the
drops incressed with a decrease in the temperature. However, the
gtabllity was found to decrease with an applied electrostatic iield.

They also studied the formaticn of small drops when large drops fell on
a surface of the liquid. 1t was concluded that a cilumn of liquid was

ed a7 inte the alr and was split into small secondary dropiets.

This pheromena was called partial coalescence.

18
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The stability of drops which were influenced by 2z concentration of
a solute was studied by Groothuis and Zuiderwig (1960). After the solute
was added to the drops, the surface tension was decreased when the solute
was diffused to the continuous phase. But when the sclute was added to
the continucus medium, the solute diffused to the drops, increased the
surface tension, and decreased the coalescence.

The coalescence of two water drops in air was studied by Freir (1960).
He formed a stream of uniform drops which interacted with each other to
cause collisions and a8 few coalescences. The greatest increase in
coalescence resulted when an applied electric field was oriented in the
direction of motion of the colliding drops.

Berg, Fernish, and Gaukler {1963) photographed two liquid drops
presred together. Thr time for coalescence was found to decrease with
an increase in an electric potential applied bétween the drops. They
concluded that the coalescence was effected by the formation of bonds

across the interface between the drops.




ZAPTER IIX

THEORETICAL MCDEL FCOR DETERMINING COLLISION EFFICIENCIES

3.1 DPefinition of Colligion Effisiency

The collision efficiency is a measure of the cross-gecticnal aren
relative to the coliector drop of radius gz guch that if a collested
droplet of redius & pesses through thiz ares the two drops will collide,
Converssly, 1f the droplet does not pass through this area, then the two
drops will not collide. In order to determine this cross-sectional area,
the trajectory of the droplet must be determined such that it just grazes
the collector drop. 1f the two drops are initially traveling in the
vertical direction and if the initial horizontel separstion of the grazing
trajectory is called Yc on one side snd -Y'c on the other side, the most
usaful definition of the colliigion 9fficisncy Ec is

Y, + Y;}Z

E = (3-1)
c 2
&-Tf(a£ + as)

Aithough other authors have used differant definlitions for Ec, this
definition 18 consistent with othar ersas of phyelics and 1t also itakes
iato acccunt any non-symmetricsl cases as shown in Figure 3-1.

If the origin of the coordinate gystem ig selected at the center of
the collector drop, then the equaticn of mectlon for the dropliet can be

written as

—-—d;s F F T 3-2)
msdt-Fg+Fh+Fe (3-

where u' is the mass of tne drocplet, ;s 1s the velccity of the droplet,

;h is the hydrodyramic force on tie droplet caused by the viscous mediunm,
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Figure 3-~1

The grazing trejectoriec in the half-planes
&nd a § microa droplet in an electric field

(v >0 and y < D) for a 30 micron drop
oriented at B8 = 135°.
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Fﬁ is electrostatic force on the droplet caused by &ny electr'~ charge
or fiald presest, and Fg is the gravitationsl force. By solving the
equation of sotion the trajectory of the droplet can he determiued.

For this investigation, seven trajiectories were obtsined for a
Fair of 4rops to determing the collision efficiency. These trajectories
were selected in the following manrer. For the first trajectory the
heriznm&nl separstion was always y; = &- Then, if the first trajectory
resulted in a collision with the coliector drop the computer selected
Yy =¥, + 1/2 a8, and for s niss Yo =¥ " 1/2 8+ 80 in general we have
Vyer = Y + (1/2)ks, . The grazing trajectory was then defined as
Y, =y, + /7 n,.

The next step was to determine the three forces which acted on the
droplet. Care had to be exerciged in formulsting both the hydrodynamic
and electrostatic problems since these would limit the results.

3.2 Hydrodynamics

The proble:m of twe spheres was simplified by assiming that the fluid
containing the droplet was flowing arcund a stationary drop. Also, if
the ratio of the droplet radiuas to the drop radius was small, the mutusl
irteraction of the flow patterns set up by the two spheres could be
neglacted. Hocking (1959) estimated that the ratic should be approximately
one-tenth., However, by comparing the collision efficiencies of the present
work with Hocking's and with Shafrir and Nelpurger‘'s (1963) as in Figure
3-2, 1t was iadicated that the ratio of one-tenthrwas more conservative
than necessary. Lindblad and Semonin {1963b) also discussed the limitation

of the ratioc of the drop radius and came to tle same conclusion.
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£
The flow of a fluid around a single sphere was determined by solving

the Navier-Stokes eg .tions which may be written in vector form

Veu = 0

 — ) il =] ——

"A['g% + V('% &%y - EXVXGI - -Up - V(VXUXG - V°8) (3-3)

e D B e T NIRRT

where u is the velocity of the fluid, pA is the density of the fluid and

V 18 the viscosity of the fluid., If the viscous force which is pro-
portional to the first power of the velocity is considerably greater than
the inertia force which is proportional to the second power of the velocity,
then the inertia term can be omitted from the equations of motion of the

fluid. The resulting equations are good for Reynolds numbers, Re, <1

and written as

0= 0
by B uvp + i (3-4)

The equations (3-4) are referred to as Stokes' equations. For slow
streaming past a fixed obstacle, the error involved in this approximation
is greatest in the distant parts of the flow field where the inertia
force is comparable to the viscous force.

An improvement of Stokes' solution was given by Oseen (1910), who
took the inertia term in the Navier-Stokes equations partly into account.
He rsasumed the velocity components could be represented as the sum of a

constant and a perturbation term. Thus

U=y, + U

(3-5)




where u '

represented the perturbation terms, and as such, was small with
respect to the free stream velocity, ;m ; whiva wag 2 constant. The

Mavier-Stokes equations for Re < 1 can now be reduced to the approximate

form
v-a! = 0
Faﬁ‘ bt hell | = - ¢
pA!‘.g.t.._+%.(V-u )ja-‘?p-!-\‘v’u (3-6)

which give a second order approximation to the outer flow and are called
Oseen's equations. For slow streaming past a fixed obstacle the error
involved in this approximation is greatest in the near parts of the fiow
field where the variations from the uniform flow field are greatest.

For steady state flow 3&7 = 0, which e¢liminates this term from the
equation. When the obstacle is a sphere, the spherical polar coordinates,
r, 8, N\, are the most convenient coordinates to use with the axis & = O
chegen to lie in the direction of the free stream velocity Em . If
there is no fluid rotation about the @ = 0 axis which is normally the

cage, then the velocity function for this fluid is independent of A,

Now the velcocity vector can be transformed into a Stokes stream function,

¥ , where the velocity components are given in terms of ¥ as
413y ! a¥
£ —— = -7
YT T23c Y 2,172 or (3-7)
r(l = ¢7)

where ¢ = cosB. For the case of a fixed sphere, § must be such that the

velocity 1s zero on the surface of the sphere r = a, and the velocity is

Uy, at infinity.
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Gtokes' equations now can be reduced to
nr"i -0 (3-8)

v2p = 0 (3-9)

whoere

z z, .2
ﬁz - §L3;+ gl.; £ }'§_§
f o2 x ¢

Equation (3-8) yields » solution

4 gsgzsinzﬁ g;
Ve ‘2 "Nt (3-10)

and equation (3-9) yields a solution

Vug.e
P =By~ 3 cos o (3-11)

By using the stream function, Oseen's equation (3-6) reduces to

2 4
23D % D ¥
t-~c—'-i- £J-. o
g dc 2 3 DP* (3-12)
where
2 2.2
0 = Sg+ it
ap [ dc

and gives & snlution
2
a 2 3R
v .= 61- & - 20+ e
e

{1 . e,{::.s({-)u-cﬂ }>

However, both solutions are good only in separate regions of the flow field

(3-13)

and only when the Reynolds number is small.
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Kaplun and his agsociastes {(Lagerstrom and Cole, 1953; Kaplun and
Lagerstrom, 1957, Xaplun, 1957: and Proudman and Pearson 1957) used a
clever approach to determine the viscous flow around a sphere for a small
Reynolds number. They diztinguished between the inner flow in the region
near the sphere, where the normalized Stokez variable, T (= ;fa), is
0{1), and the outer flow when the Oseen varisble, p (= Re;). is 0(1).
If the radius, a, of the sphere is used as the representative length,
the Stokes variable, r, 1s equal to r/a and the Reynolds number is
equal to 2 pnau/v where V iz the visgcosity of the medium. The outer
flow is represented by exprezsions for the velocity and pressure in the

forms

(3-14)

where the € are functions of R such that € =1 and ¢ /€ ™ O as
n e o n+l n

Re -+ 0, The inner flow is similarly represented by

é:lcn

= Z ¢ h(D)
n=0

(3-15)




The equations sstigfied by ?n’ pn and En' r, are obtained by inserting the
expansions (3-14) and (3-15) into the Navier-Stokes eguastions, written in
terms of the Oseen and Stokes variables respectively, and solving for

the values of the coeflicients. The velocity functions must satisfy

the boundary conditions -fn =0 (n > 1) as r- ®, and En = 0 on the body,
but the inner conditions on -fn and the outer one on Txn are still te be
detarmined. This is done by matching the inmer and outer expressions.

The Stokes stream function, ¥, may bhe expressed as an Oseen expansion

¢R32 - - 5
— .- Z‘n t_(5) (3-16)
Yoo n=0

in the outer flow, and by a Stokes expansion

- -3
'-L"‘ - - b -
= ¥ Zen ¥ (F) (3-17)
Yo n=0
in the inner flow.
Sinceco =1, it follows that
1 2 2
§D =3 p (1-¢7) {3-18)

hecsuse the leading term must represent the undisturbed stream. The

matching condition requires that

¥ *-;- rz(l-cz) ag r —=® (3-19)

and has no-slip at r = 1. However, the Stokes solution does satisfy these

conditions and is

1,,.2 1 2
Yo = ‘,‘(21' - r + l_)(1--(: ) (3-20)
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By substituting the expansion for ¥ into the Navier-Stokes equation

= Rer, the term involving <1

written in terms of the Oseen variable, 5

shows that él gatisfies Oseen's equation

~ 2
2 c d 1-¢™ 3 2
- e o e S . = -21
(Dp 2 dp 2p ac)Dp 1 0 3 )
Thiz equation is solved by substituting
(3-22)

b2 = expB) £(0) g(o)

The solution that gives a vanishing velocity as p = ® and will matchk the

Stokes expansion is

$. = -3(1+c){1 - exp{- ﬁ!%;ﬁl} } (3~-23)

1

By substituting the Stokes expansion into the Navier-Stokes eqration

the second term, 51 Yl’ in the expansion will satisfy the inhomogenecus

Stokes equation.

4 -9 2 3 1 2
V o= —m2 AL L 2 g WAL _ -4
Dr fl g (rz 5 + r5) c{l-¢") (3-24)

In order for Yl to satisfy the no-slip condition on the sphere and match

the Oseen's expansion as r - @ ,

2 2. »
v oo 3= (1-c) PR 1,11 )
Y n L(z + r) c(2 + = + —_Z)J (3-25)
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The taird term, ¢ Y., can be found as follows. If e_ =R 2 fn(R ),
2 2 p e e

it is found that Yz must satisfy

p ¥, =0 (3-26)

apnd has the founm k?a. The value of k is found to be 9/40; therefore,

1 2
¥, = ,50 (2 - 30+ =)(1 - ) (3-27)

But it is found that there is no term of Re2 £n(Re) in the Oseen expansion
and ?2 is a valid representation of the third term of the Stokes expansicn.
The first two terms of the Stokes expansion =8 given by Proudman and

Pzarson (1957) may be written in the unnormalized system as

2 X 3R
J2y o S22 x 201 - o —— B
# u:pa < 4 \8 1) (1 c )i_(l + 16 )(2 + r)
(3-28)
3R
e I
"1 GrTtEe

r -

for aufficiently small valves of Re. Now the two velocity terms can be

written as

Uy 2.2 3R, a2 3Re
W - —‘} PRS- - a- -—-— - —
u_ L {1 = 16 {3cos 9 D2 + + r ) ZeogB(l + T3 —— (2 + )J
{3-29)
u, sin9 22 3R, 086 a a2 283
u = ll-—)ﬁl )(4+-—+-r-2-)--— Te (4+-;+:5+—:§)]
(3-30)

Tnese eyuations describe an approximation for the fluid flow around a
single sphere in a uniiorm fluid flow when Re < 4,

3.3 Elecirestatics

If water dropu are considered to be conducting spheres the derivation

of the elect~ostatic forces acting on them will be simplified. Since the
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drops to be considered are gmall and travel at moderate velocities, the
assumption of the drops being spheres wi™ introduce only a smell error

ae,,
in the results. From the eguation of continuity of charge, V-J + Franiie g,

where J is the current density and pw is the charge density in the water,
the relaxation time of the charge distribution in water can be derived
in the following manner. Since J = o E where ¢ 18 the conducti - aof

3

woter, then the continuity equation reduces to c?fE + S;f-a 0.

But Vv « E = pw/e where ' permittivity of water, therefore

o} pw/i + apw/a t = 0. The charge density is proportional to exp (-ot/¢}
where the time congtant, €/0, is the relaxation time of the material.
For distilled water, the relaxation time is of the order of one micro-
second. The charge densgity, thus the electric field intensity within

the drop, decreazses rapiaiy to zero with increasing time. This expresses
the well known fact that the field within a conductor is zerc and
Jjustifies the assumption that water can be considered as a conducting
material.

The electrostatic force acting on twe spheres is determined by
solving for the charge distributions ol andcys on surfaces of the two
spheres of radius a £ and as. Civen these two charge distributions,
the force is found by integrating the electrical stresses, Gz 2 /2 ¢«

nd:ji/zf , over the surfaces of the separate spheres. Smythe (1950)
gives an expresgsion for the force zlong the line of centers between twe

equal uncharged spheres in a uvniform field. However, Davis (1962)

solved the more general problem required for the present application by

using the bisprerical coordinate system.




Moree and Feshback (1953) give a detalled deseription of the
bigpherical coordinate system which is useful in solving boundary-vzlue
problems involving two spheres. The three coordinates of this system,
#, 7}, and * are 1llustrated in Figure (3-3). Constant P surfaces are
spheres of radius @ csehﬁ{ centered at z = a coth on the z-axis. The
two poles on the z-axis at ¥ = + a and the central plane z = 0 is the
surface 4 = 0. The surface T = ﬁo is a fourth-order surface formed by
rotating about the z-axis that part of the circle, in the x-z plane,
of radius a csc ﬂo with center at z = 0, x = a cot ﬂo. Those for
T < 1/2n have "dimples” at each pole; those for 1) > 1/2x have sharp
poeints there. Thesge bispherical coordinates are related to the Cartesian

coordinates by

A sin i (3-31)

cosh 4 - cos T}

- A sin T} cos )

cosh & - cos T (3-32)
A sin T sin A a
cosh p - cos 1) (3-33
Since two spheres can be represented by the surfaces M = Pi and
o= - Ms, it is necessary to relate Hl’ MS, and A to the radii, al )
as. and to the separation of the spheres, r. Such a relationship
18 given by
by = zn(c£ + A) - in Az (3-34)
u = fn(c_+ A) - in A {(3-35)
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Figure 3-3 1Illustration of the bispherical coordinate system.




where

5 ” 1/2 ) 1/2
A = (cz - ai) = (¢ =~ as)

c, = (r2 + az - ai)/2r

e

-

Loz, a2 2 oy B
<, {r” 4+ 8 ai}er (3-38)

R

The charge digstributions on the spheresz are not found directly,
but by using properties of a Green's function as described by Jackson
{1962}, the surfsce charge density is related to the electric potential

functicn by

1
¢ = o, G(4)d(area) + o G(s)d(area) (3-39)
4let, jspgere £ fspgere s ]

where G{ 2} and G(s) are the Green's functions for spheres a, and a,

respectively. Now the problem has been changed to solving lLaplace's

:
£
&

equation for the electric potential function of two insulated conducting
spheres, uncharged or carrying specified charges, in the presence of an
external uniform electric field. The surface charge distribution is
determined from this potential function which then allows the computation
of the forces acting on the spheres.

Laplace's equation written in bispherical c¢oordinates is given by

2 1 Te. 2¢ 12 .. A _ 3¢ . 4
v ¥ (3ah, 500 + 51am 5r (hpsinT §p) + P (3-40)
b

where

P, VPR N TSR Y e

U
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h =} = A
i ' ¥ cosh p - cos 7
{3-41)
- A sin T
hl cosh 4 - cos 1)
The appropriate form for the solution of the Iaplace equation for two
conducting spheres in a uniform electrice field, E, is given by
, ‘ ) 1/2
$ = -E 2z cosw - E x sin® + E(coshp - cosT)
-] 1 l N
3 i
éost{An exp{ (m-i-)g_} + Bn exp[ (n+2);.x.3)( Pn(cosn) (3-42)
n=0
[=+] . <,
+ cosA sinw ¥ e expl (n-v:*)p} + H exp{-(rw}-)p,”; Pl(cosﬁ)
& Un 2 n 2774} Tt
r=l
where w 1is the angle the field makes with the iine of centers of the
gpheres.
Knowing the form of @, the following expansions are assumed:
a2
3/2(
o,(M,2) = € E{coshy, - cosN)  "1cosw } Y P (cosh)
£ £ i .. nn
o n=0 (3"‘&3)
1 7
;\ i
+ cosA sinw E WnPn(cos'T})J
n=l

[oe]
cs(’n,)\) - ¢ I:‘.(::cslmsl - us’ﬂ)3/2 coswEYnPn(cosT{)
© n=0 (3-44)
¥ zop! |
+ cosh sinw Y Z P (cosT) |
L nn .
n=]
By using Eq. (3-40) the coefficients of equations (3-43) and (3-44)
can be related to the coefficients of the potential function Eq. (3-42)

as follows:




. rsosorent

o i e ¥

L
]

o+l ,
A Ly expl (17200 ]

2n+1
Y = Bn('-r-) exp{ (n+1/2)u ]

(3-45)

Wn - Gn(2:+1) exp{(n+1/2)uz]

2okl
n Hn( A

]
L]

) exp{ (n+1/2)g ]

The task now is to evaluate the coefficients in the expansion for
@, Solutions for the electric field in the z-direction and in the x-
direction can be itreated szeparately and superposed to obtain the solution
for the field in an arbitrary direction.

The influence of the electric field appiied in the z~direction is
found in several steps. First, the boundary value problem of two
grounded spheres in a uniform electric field oriented along the z-axis
is solved. The total induced charges on these two grounded spheres are
determined slong with the coefficients of induction for this two-sphere
system. This will relate the charges on the spheres to their corresponding
potentials. Now & second boundary value problem of two insulated spheres
which are held at arbitrary potentials but with no applied electric field
must be solved. By assuming a charge for each sphere which will cancel
the induced charge for the grounded sphere case (plus any net charge
assumed for each sphere) and by using the coefficients of induction, the
potentials for the case of two insulated spheres can be determined such ]
that the superposition of the two potential functions will leave a zero é

net charge >n each sphere. The resulting potential function will be that !

;
of two uncharged spheres in a uniform electric field directed along the z-axi#

%
v
{
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The sclution for the influence of the electric field in the x-direction
is relatively easy to obtain. 8Since no charge is induced on the gpheres
when they are grounded, only the boundary value problem of two grounded
spheres in a uniform electric field oriented slong the x-axis need be
solved.

Now the sum of the contribution due to the z-and x-components of the
field will give the complete potential function for the arbitrarily
oriented electric field.

The coefficients of the surface charge densities are now determined
and the net force on each sphere found by integrating the surface
electrical stresses, O, 2/2¢ and C 82/2 €, over each gphere. The z-

L

and x~-components of the force acting on the smzll sphere are given by

berd e md onslk S oS N O eSS

L zZ 9 i
Fz = 32 ﬁsphere og cos¥ d(area) (3-46)
¢ (s)
i
: F = o 5.2 sin® d(area) (3-47)
: x 2 'sp?ege s .
s

The components of the force acting oh small sphere are

o
K¢ . { ) b
er =3 exp[(2u+1)psjsn1(2n+1)5n - (n+1)[exp(2us)+1jsn+1j
n=0 (3-48)
2 .2 = f
+ K E'sinw Z’exp{(2n+1)psjn(n+1)Tni(2n+1)Tn - (n+2)[exp(2us)+1]'I‘n+1 i
n=0
K ¢
er -3 E sxnu[exp(zus)-lj &.(n+1) exp[(2n+1)us]
n=0 (3-49)

S T - (n+2)S T 3}
{n n+1Tn (n+2) n m+l)

_____ -
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zcasw&ml){exp[ {2 ;);.134-1} - (g /a)expl (2o¢l)u, ] + (55ij3
8 (3-50)
n exp[ (2n+1)p -1]

expl (2n+1)i,] - 1
Tn " exp[ (2&4-1);;:] -1

(3-51)

The potentials of each sphere due to both the induced charges Q, and

Qs and the net charges, qz and qs, are

¢£ - Pzz(qz - K E cosw QE) + st(qs - K E cosw Qs) (3-52)

¢, " Psl(ql - K E cosw QL) + Pss(qs - K E cosw Qs) {3-53)

The coefficients of induction are

- - 2\ -
Pot ™ Coo/ (C14Cas = Cys ° (3-34)
B, =P, =C,/(C -c, % (3-55)
is sl ,u $8 is
P /(c - C 2\ (3-56)
ss l, as i8 ¢
where the coefficients of cspacitance cre
- K 'EE‘ {(2n+1 !ﬂa]
Z expl (2n+l)u 1-1 (3-57)
K 1
C, s =a-= (3-58)
1s 8L A iy exp[ (2n+1)p,] - 1
2n+l)E
c x expl (2n+1)Hy ] (3-59)

88 An..Jo exp[ (2n+1)uo] -1

The induced charge is

H
H
i
¥
H
h
i
:
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€2 exp{(2n+1)us} + 1
- ¥ 2n+l -
% Za( ) expl (2r+1l)u J - 1 (3-60)
n=0 °
o exp[(2n+lzgﬁ3 + 1
Qp = -K 3 (2n+1) (3-61)
s exp[(2n+1)p°] -1
n={
where
K = 87 ¢ 32
and

p'cb - “z + “s

3.4 Equationg of Motion

Now the various forces acting of the droplet can be determined.
Since the negative x-axis is selected a®s the direction of vertical fall,
the gravitational force, msg, acts on the droplet in the negative x-
direction as shown in Fig. 3-4.

The interaction of the viscous fluid, which flows around the drop,
and the droplet can be expressed by the use of the well known Stokes

equation for the drag of a sphere

Fh = =67V a_ Ds(vs - u) (3-62)

where ¥ is the viscosity of fluid, u is the velocity of the viscous
fiuid around the drop, ;s is the velocity of the droplet relative to the
drop and Ds is the drag coefficient which has a value of unity for drops

which are in the Stokes range.

The equations of motion including electrical forces are
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Figure 3-4 Motion of a dreplet in &n electric field, E, relative to a
fixed drop.
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dvxs o o g
LW el Y AR s, Ds(vx$ - ux) - msg + er {(3-63)
dv
- —5%5 = 07T W a, Ds(vys - Uy} + Fye {3-564)
éxs
T " Vs (3-69)
dys ;
I " Vs (3-66)

These equations of motion were solved on the IBM 7054 digital computer
at the University of Illincis. A numerical integrating routine first
described by Nordsieck {1962) was used. The routine incorporated auto-
matic starting, automatic selection, and revigion of the integration step.
To start the integration, only the initial conditions and a logical
elenentary interval are necessary. A% small distances from the drop,
the interval is automatically shortened to obtain an accurste solution.
When a smaller integration step is used that is necessgary, excessive time
is spent bty the computer in developing a more accurate solution than is
needed. Thus the routine gives a solution of a given accuracy in the
least amount of time,

The initial velocities of the drop and droplet were determined by
computing the terminal velocity of each when gravity acts on the mass
and an elegtric field acts on any net charge. Since the center of the
drop is assumed as the origin of a fixed coordinate system the initial
velocity of the droplet is the difference between the terminal velocity
of the two drops. The initial separation was 100 drop radii. At this

separation, there is very 1it%tle interaction between the disturbed fluid
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arcund the drop and the droplet or between the net charges which may

el

e reside on either drop. The initial horizontal separation was one drop

Tadius.
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CHAPTER 1V

EFFECTS OF ELECTROSTATIC FORCES ON THE COLLISION EFFICIENCY OF
A PAIR OF DROPS

4.1 Without Elzmctrostatic Forces

There are many possible combinations of droplet sizes, net charges.
and applied electric fields. Therefore, it has been necessary teo limit
the investigation to a few cases which appear to be interesting and use-
ful for future work.

When two uncharged drops fall in a field free space, only gravity
and the drag force of the viscous medium influence their trajectories
and, consequently, the collision efficiency. PFigure (4-1) shows how this
collision efficiency varies for drops of 25 to 70 microns paired with
droplets of &, 7.5, 10, 12.5, 15, and 20 microng. The collision efficiency
goes to zero as the size of the droplet approaches the size of the drop
since the relative velocity between the palr approaches zero. In general,
for a droplet of a given size the collision efficiency increases as the
size of the drop increases since it is wore difficult to move the droplets
with greater mass around the drop with only a hydrodynamic flow of the air.

4.2 With an Applied Electric Field

The collision efficiencies for both horizontal and vertical electric
fields are shown in Figures 4-2, -3, and 4-4. The increase in the
collision efficiency due to an applied electric field is a result of an
induced nonuniform charge distribution on the surface of the two drops.
The interaction of the two charge distributions can either be attractive
or repulsive depending on the orientation of the applied field and the

relative position of the drops. 1f only the dipole interaction is

33
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Figure 4-1 Collislion efficiency curves when no electrostatic force is
present .
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congldered, the regions of attraction and repulsion can be detsrmined ss
jllustrated by Lindblad and Semonin (1963).

The trajectories for the 30 micron drop and 5 micron droplet are
shown in PFigure 4-5. The effect of a region of repulsion about the y-
axis is illustrated for the case of vertically applied elesctric flelds.
The irnitial trajectory of the droplet is toward the drop buit it changes
ita direction of travel after entering this region of repulision. The
horizontally applied electric fields have a region of attractiocn about
the y~axis and result in pulling the droplets into the back side of the
drop frnr certain initial conditions.

It is observed from Figures 4-2, 4-3, and 4-4 that the horizontally
aprpiied electric fields produce the largest increase in collision
aefficiencies and it is greatest for the 30 and 5 micron palr of drops.

A horizontal electric field of 3600 volts per centimeter increases the
collision efficlency of a 30 and 5 micron pair by a factor of 34.35 com~
pared to 5.6 for the 40 and 5 micron pair and 5.0 for the 50 and 5 micron
pair. Thus, the collision efficiency curves flatten as the collector
drop increases in size. This is due to the large difference between the
relative velocities of the drop and droplet which does not allow a
sufficient time for the electrical force to attract the pair together.

The effect of the orientation of the applied electric field can he
seen in Figur<s 4-6 and 4-7 which show the change in the colliision
efficiency for various pairs of drops as a function of the angle !
between the electric field, E, and the x-axis. The angle 3 is measured

positively in the counter-clockwise direction. The largest collision
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efficiencies occur approximately in the range 5G° < 8 <130° and the lowest
collizion efficiency for B appr ximately equal to 42° and 138°. The
maximum collision efficlency occours for 8 equal to 20° {a horizontally
applied electrie field).

4.3 With a Net Siectric Charge

The charge on the drop wes arbitrarily selected to always be positive
since the only eritical ¢onditions were the charge magnitudes and whether
or not the two droplets had alike or opposite charges. Also, since there
was an infinite number of possible combinations of charges to be con-
sidered on the twc droplets, it was necesgary to set a ratio of charge
between the pairs of droplets. Gunn (1949) obiained some measurements
of the charge on cloud droplets waich ipdicated that the net charge
varied approximately as the square of the radil of the droplets. Therefore,
for this work the ratio of the charge on a pair of droplets was taken as
the ratio of the surface area of the two droplets.

¥ith these two conditions on the charges, the colligsion efficiencies
of drops of 30, 40, a1d 50 microns paired with droplets of 5 and 10
nmicrons are shown in Figures 4-8, 4-9, 4-10, and 4-11. As would be
expected for charges of the same sign, which usually result in a
repulsive electrostatic force between the droplets, the collision efficiency
does not change appreciably until the charge on the droplet is greater
than 1 x 10“17 coulombs, but decresases to zero for a charge between 1
and § x 10—16 coulombs. The collision efficiency of the 10 micron

-16
Aroplet is almost constant until it has a charge greater than 1 x 10 1

coulombs, then it decreases to zero for a charge between 2 and 5 x 10~15

coulombs .
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For charges of the opposite sign on the droplets, the collision
efficiency increases as the magnitudes of the charges are increased
since the electrostatic force is attractive. There i8 no appreciable
change in the collision efficiency of the 5 micron droplet until it has
a magnitude of charge greater than 10-16 coulombs, then it increases
very rapidiy. But for the 10 micron droplet, the collision efficienc;
remains almosi constant until its charge exceeds 1 x 10“15 coulombs,

then its collision efficiency increases very sharpely.

4.4 With Both an Applied Electric Field and an Electric Charge.

As in the case of the drops in a region of an applied field, the
zgign of charge on the drop“was selected to alwuys be positive and the
ratio of tie charge for a usir of drops was selected as proportional to
the ratio of the aress of the two drops. Since only fields of 2ither
0o or 180° orientations are reported here, it is easy to show that all
combinations can be determined with this selection of the sign of charge
on the drop. For example, if both drops had negative charge with the
applied field at Oo. then this would be the same condition as when both
drops had positive charge but the same applied field had an orientation
of 1800. Therefore only four separate combinations of field orientation
and the sign of the charge on the droplet need be considered for only
vertically applied fields.

Figures 4-12, 4-13, 4-14, and 4-15 show the family of curves for
the collision efficiencies for & 30 and 5 micron pair of drops. For
the magnitudes of the charge on the droplet of the order of 10-'18
coulombs, the collision efficiency ia the same as for only an applied

electric field. The same is true for the 40 and 5 microu pair shown in
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Pigure 4-14 and 4-15 Collision efficiency curves for a 30 micron and 5 micron

drop pair with an electric field directed upward (above)
end downward (below). Q = 40 ‘qs' )




Pigures 4-16, 4-17, 4-18, and 4-19 and for the 50 and 5 micron pair shown
in FPigures 4-20, 4-21, 4-22, 4-23. The collision efficiencies are less
for the 40 and 5 micron and the 50 and 5 micron pairs as expected from
section 4.2.
For the case of positive charge on the droplet, the collision
efficiency is found to increase with an increase in the electric field
and with an increase in the electric charges as shown in Figures 4-12,
4-13, 4-16, 4-17, 4-20, and 4-21. Ap was noted in paragraph 4.3, with
no applied field the collislon efficliency goes to zero for a sufficiently
large eleciric charge. 1In contrast, an applied electric field can pre-
vent this decrease in the collision efficiency. This is an important
result, since even in a cloud of positively charged droplets the collision
efficiency can still be guite high if external electric fields are present.
With a negative charge on the droplet in a field-free region, the
collintion efficiency increases very rapidly with an increase in the
charge ag shown by the zero field curves in Figures 4-14, 4-15, 4-18,
4-19, 4-22, and 4-23. There is still an increase in the collision
efficiency when the orientation of the applied field is at 180o but
the rate of increase is reduced. Since the relative velocity hetween
the drop pair has been incressed the time required for the droplet to

pass the drop has been reduced resulting in less time for the attractive

electrostatic force to pull the pair of drops together.
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CHAPTER V

THEORETICAL ASPECTS OF THE COALESCENCE PROCESS

5.1 The Coalescence Process

The observation of the merging of two liguid surfaces immerzed in
a continuous media is made difficult by several factors. The concept
of & boundary between a ligquid and the continuous medium is complicated
by the moticn of melecules continually entering and leaving & rather
nebulous transition region of the liquid. Random perturbations can
exigt in the transition region snd can be caused by vibrations due to
noise, non-uniform distribution of surface charge, impurities in the
ii1quid or they cun be periodic perturbations caused by vibrations of
sound at 8 given freguency

Yo mike the study of the coalescence of two liquid surfaces tractable,
the surfaces are regarded as a distinct boundary. A pressure difference
across the boundary of a liquid with a curved surface is caused by a
phenomenon calied surface ten. on. Surface tension has the property of
trviag to minimize the surface cnergy of the system. Therefore, it
fellows that for two liquid surfaces to coalescences, an interaction must
develop such thast the energy of a combined single surface is less than
the energy ol 4 system of two separate surfaces 1n proximity.

5.2 Trapped Gas Film Between the Colliding Surfaces

As the two liquid surfaces approich each other, the continuous mediunm
:n which "hey are immersed must be forced out of the way so the two
surtzces can come close enough together to allow their coalescence. By
observing the collision of two liquid surfaces, it is found that the

surfaces deform into flat adjacent surfacces until Coalescence occurs.
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Many investigators (Gillespie and Rideaml, 1956; Elton and Picknett, 1957;
Charies and Nuson, 1980;: and Pincen, 1963) have considevsd various models
of drops spproaching a second liquid surface.

By using a cylindrical coordinate system, symmetry sbout the z-axis
aud the plane z =~ 0 exists. The flattened surfaces are located at

=3+ b and the velocities of the surfaces are given by V = - 33 as

indicated in Figure 5-1. An incompressible fiuid of viscomity, V ,
is expelled radiaily from between the two surfaces at & velocity U(z, r).

It will be asszmnd that the flow is laminar, radizl, and that inertial

effects are negligible. The distance from the plane z = O to the drop

surfaces is given by €. The radial velocity may be written as

ulz,r) = €2 - @) (5-1)

where $(r) is a function of r and it is to be determined. ZEquaticn (5-1)
implies a parabolic velocity profile with respect to z without slip at
the adjacent surfaces, i.e., U(z, r) =0 at z =+% . The volume flow

of the expelled fiuid per unit time, Q, is
Q -f Zr u(z,r)dz (5-2)
-£
By substituting (5-1) into (5-2), we obtain

Q= 2" ¥(r) f.g «? - 2%)ae (5-3)

Integreting (5-3) yields

Q - 3 (S"“)

I
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Pigure 5-1 Illustration of the deformation of the adjacent surfaces of the
colliding drops.

SS



Equating the change in the volume flow per unit time to the volume
of the gas displaced by the approaching snrfaces per unit time between

r and (r + dr), leads to

e {r ) 3

8Q = dE—) = 2.27rVer (5-5) §

Integrating (5-5) and solving for § (r) yields

3

o) = g (s-6) |
% ;

By putting (5-6) into (5-1), we obtain

2 2

ulz,r) = &3.‘_3_2 (5-7)
&« ¢ 1
By equating the meschanical work per unit time expended in moving the e
two surfaces together at a velocity V., to the energy per unit time dissi- -
pated by the viscosity of the expzlled fluid, we obtain from first principleg )
2 a 2 W

2PV = I V(%) A(Volume) = f Iz V(%%) 2nrdrdz (5-8)

o N

where F is the force acting on the surfaces. Differentiating (5-7) with

respect to z gives

Su - -3Vrz . 4
T (5-9) §
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By substituting (5-9} into (5-8) and integrating, it follows that

2. a 3
.UMM N S (5-10)
2 3
o &

FV =

since V is independent of £ and r. Solving for V yields

dh 2F -
Voa - " r3 {5-11)
v =3 dr
of

For this investigation, it is assumed that £ is equal to h and is

independent of r for 0 < r < a which gives

a r3 a&
J Zar = (5-12)
o £ 4h

Suvstituting (5-12) into (5-11) gives

3

dh ~8Fh
TS (5-13)
Vg

Equation (5-10) gives the velocity at which each surface is moving.
This velocity is 2 function of the physical parameters of the system as
well as the force, F, acting to move the surfaces together. An interesting
case is produced if it is assumed that F is a constant, Fo’ and that the
radius of the deformation, a, is a constant.

Equation (5-13) can be rewritten as

¢ 4 h
1 -2Mvg 1 dh
I dr =« 2= I 2 (5-14)
o h

Q
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which when integrated yields
&
ty = '}3:;: (h:z - *’}} (5-15)
where tl is & measure of the time reguired for the surfaces Lo move from
ho to hi. For this case, the time of spproach is directly proportional
to the radius of deformaticn but is inversely proportional to the force
pushing the surfaces together. Equation (5-15) is the same result
obtained by Reynolds (1886) for two parallel plates moving together in
a viscous mediux.
5.3 Rfftects of a1 Electric Potential Difference
Since the deformation of the drops is assumed to be flat, the
electrostatic force between these flat surfaces can be found by assuming
tkat the surfaces represent a circular parallel plate capacitor. Harnwell
(1949) calculated such a force and determined it to be
na? ¢ ¢ 2
Fo = v (5-16)

where 90 is the electric potential difference between the surfaces and &
iz the permittivity of the gas trapped between the surfaces.

In addition to an electrostatic force, another force is acting to
move the suriaces together resulting from the initial momentum of the
liquid. For convenience, let the additional force be given by a constant

force per unit ares, PO. Since the net force on the flat surface is

P TORN I S ) Rt 14
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proportionsl to the square of its radius, the force can be expressed as
ﬁa’Pc. Therefore, the total force bringing the liquid surfaces togsther

is given by

+ a%p (5-17)
O

It is also observed that the deformation of the approsnching ligquid
surfaces is not constant but varies as a function of time. The experi-
mental results given in Section 6.5 indicate that the radius of defor-
mation grows independently of the potential difference and can be

expressed as

t3/8

a=3.2x 10" (5-18)

Since the deformation of the drop is independent of the potential
difference, the neglecting of the interaction of the curved portion of
the drop surfaces is justified.

By substituting (5-17), and (5-18) into (5-13) and rearranging the

terms, we obtain

t d hl dh
Jb =< . -3.84X10-8v (5-19)
3/4 2
ot ho e¢°
T2y 40 ]
8h e

Integrating (5-19) yields

1/4 . L 536X10

&tl

€9 o + 8F h 2
)] (5-20)

fz ( ) + £n( 3

€¢° €, + 8F h




“ Séléia: tor ti giv%s

4 2 .
-8 2 €p < + 8F
R o AR P SN M >] (s-21)
¢, 1 ¢, 2, 8F b,

where t, is the time, sterting with the deformation of the surfaces,

i
required for the surface separation to change from zhe to 2h1.

5.4 Stebility of the Liquid Surfaces

Since the stabllity of the two approacking surfaces can be indicated
by the time interval between the onset of the deformation and their
coalescence, tl in (5-21) is a meaaure of this stability if hl is the
position of the surfaces at coalescence. Coalescence itself is pro-
bably 2 random process since the surfaces are not well defined and
perturbations on the surfaces lead to a prebability of coalescence for
any =eparation. However, equation (5-21) does indicate the general
influence of the various parameters on the stability of this system.

Equation (5-21) indicates that the stability increases as the
four:h power of the viscosity of the gas trapped bhetween the surfaces.
This type of dependence appears reasonable, since gases of higher vis-
cosity should be more difficult to squeeze from between the two surfaces.
However, the viscosity of a gas is not dependent on the pressure of the
gas until very low pressures are reached; therefore, for 2 soderate
presaure the stability of the system will be independent of this
pressure. Viscosity is dependent on tesperature however; therefore,

the stability should be a furnction of the temperature.

!
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If the electrostatic force between the surfaces is small compared
to the constant force, Pe. the limit of equation (5-21) as gﬂ ~ 0
becomes

ey = (MZ.Q;W&V)@ L-b-* - —%f (5-22)
o 1 hy

Under this condition, the stability of the system vsaries as the inverse
aof the fourth power of the constant force, ?0, compared to only its
first power in (5-13%), ‘'the Jdifference being that the equation (5-15)
did not include any change in the deformation as the surfaces move
together.

The last case to consider is that in which the electrostatic force

i= much larger than the constant force. The limit of eguation (5-21)

as ¢O* ® hecomes

. -8, = h 4
€, = (3—'-5’-‘?5-112’——‘-’) [gn(e};‘i)] (5-23)
€3, 1

It appears that the stability is inversely proportional to the eighth
power of the potential difference, 90. However., the electrostatic force
is such that any perturbations on the surfaces will enhance this force
and amplify the perturbations. The growth of the perturbations will
i.fluence the or-otablilit, of coalescence at any given separation. Thr
implication is that h1 should al o be a function of Go. Therefore, tl
is not necessarily inversely proportional to the eighth power of 90.

The pruporiionality will depend on the variation of hl with ﬂo. As an

example, 1if hl varies as
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hn .
5 K exp(-¢,) (5-24)
It follows that
4 . 4
. g_?_} 2 . .
G| - -op 4 n ] (5-25)
Substituting {5-25) into (5-23) yields
'Sv 4 4
€, - (?,GSXIO 3 - in K} (5-26)
€ ¢2
o
and for large ¢°
7 68x10°8v
e, = 2L (5-27)

Of course, in this case t1 is independent of Go which does not appear to

be correct. Therefore, it is left to experimentation to determine the
correct form of ti as is done in Section 6.2. By using the model of two
drops with flat surfaces, some speculation can be made about the variation

of hl with respect to the applied potential which is helpful since this

dependence is not easily measured.
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CHAPTER Vi

EXPERIMENTA . OBSERVATIONS OF THE COALESCENCE PROCESS

6.1 Experimental Technique

No satisfactory methoed has been found to allow careful study of two
single coalescing drops freely falling in alr. Therefore, it has been
necesgary to constrain the two drops in order to conduct an lnvestigation.
In this study, drops were formed at the tips of two number-18 hypodermic
needles which were etched so the tip would be flat. One needle was
mounted rigidly inside a sealed, electrically shielded chamber. The
second needle was mounted on pivots in such a way that the tip would
swing very close to the tip of the stationary needle, permitting a
collision between the drop pair. The veloscity at which the drons
collided was varied by changing the length of the arc through which the
pendulum swung. The pressure of the air inside the chamber was wvaried
by means of a vacuum pump. The temperature and relative humidity were
measured with an electric hygrometer indicator.

A 16 mm Fastax camera was used to take high speed photographs of
the profile view of the two colliding drops. Since the one drop was
held stationary, the opticai systsm for photography was greatly simplified.
Two dra carbon arc lamps were used to illuminate the drops. One lamp
was placed slightly to the right 2nd abcve the camera itself. This lamp
furnished the front lighting giving a better three-dimensional
appearance to the photographs. 7The second lamp was placed behind the
drops directly in line with th~ camera lens. A mylar diffusion screen
was placed approximately 0.3 rnentimeters behind the drops to reduce high-

lights. With this arrangem~rt, photographs at a speed of 14,000 frames
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pmr sec. were taken of the profile view of the collision and coalescence
of the two drops. The seguence of events for taking these photographs
was predetermined by timing clocks. The camera was started first to

gllow it to reach a high f1im veloeity before the pendulum was released

from a solencid operated clasp.
The potential between the two drops was varied by electrically
insulating the two needlies and applying vaeriable voltages between them.

A Keithley 600 A Electrometer was used to measure thig potential differ-

ence. A precision 10 oha resistor was placed in series with this circuit,
as shown in Figure 6-1. The current in the circuit was monitored by
measuring the voltage across this resistor with one channel of a dual
bean Tektronix oscilloscope, type 551. The second channel wcnitored the
potential sapplied between the two needles, and a Tektronix oscilloscope
camera model C-12 was used to record these quantities. The oscilloscope
was adjusted po the trace was triggered by the initiation of the current.
Since the circuit was normally open, only with the coalescence of the

two drops did sny charge flow.

Trvo neon lamps were mounted in the Fastax camers in such a way that
their light vas recorded along the extreme edges of the 16 millimeter
film. One lawp was used to record 1000 cycles per second timing pulses
which were 5f oqual on and of! durstion. This provided a means to measure
the time between different events photogrephed sm the film. The second
neon lamp was used to record the time of the initial flow of current in
the electrical circuit. The lamp was turned on by a thyratron tube

triggered by the initial current. A time delay of less than 20 microseconds
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was measured fo  uis triggering circuit. This procedure provided a
means to measure the time interval between the initial current and
copleacence recorded on the film.

Measurements from the film were taken by the use of an anslog-to-
digital converter. Scaling of distances was accomplished by accurately
megxsuring the diameter of the tip of a hypodermic needle and comparing
this with ité measurement from the film. The collision velocity was
determined by measuring the approach of the two drop surfaces as a
function of the 1000 cycles per second timing marks along the edge of the
film. After the collision of the two drops, but before their coalescence,
the rate of deformation of the adjacent surfaces was determined by
measuring the height of the flattened region. At coalescence a transition
region between the drops was formed which has the appearance of a lens.
Photographs of both the flattening and the lens are shown in Figure 6-2.
The rate of growth of both the height and width of this lens was measured.

The initial appearance of this lens was taken as the beginning of the
coalescence procesg. The time between the visual contact of the drop
surfaces until appearance of the lens is defined as the coalescence
time. The time between the initial flow of charge and the initial appear-
ance of the lens is defined 8s the current time. The intervals of time
measured were easily determined within 2 frames of the film giving an
accuracy ¢f + 150 microseconds.

To insure adequate current for reliable measurements, distilled water
with a small amount of hydrochloric acid was used. This solution had a
pH = 1.9 and a conductivity ¢ = 6 x 10-3 mhos/centimeter. Both drops had a

radius of approximately 2 millimeters. The vcoltage between the drops was
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Figure 6-2 Photographs showing the profile of two water drops before
collision, after collision, and after coalescence.
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varied between 0 to 10 volts d-c¢. Temperature and relative humidity
were approximately zs“c and 50 percent respectively. A typical set of
photographs of the colligion and coslescence are shown in Figure 6-3.

6.2 Effects of Electrostatic Porves on the Comlescence Process

A plot of the reciprocasl of the coalescence time for two collision
velocities as & function of the applied voltage is shown in Fig. 8-4.
The curves drésn are found by the method of least squares as discussed
in Wylie (1951). For potential less than 1 volt the spread in the data
increased and became somewhat random. This range of voltage was not
investigated and the curves are merely projected to O voltages. For
the range of 0-0.5 volts, a collision followed by a separation of the
two drops is easily obtained since the drops separate before the
ainism coslescence time. Photographs of this separation are shown in
Pig. 6-5.

The relationship betw2en the applied voltage and the coalescence

time is determined from the experimental data by applying the method

of least squares. First, the following relationship is assumed

' b
t-Agg& (6 1)
By taking the logaritim of (6-1), we obtain

log(t) = log(A) + b log(p ) (6-2)
Now, by using the logarithms of t and 90 botk log(A) and b are determined

by the method of least squares. It is found that b = - 1.0235 which
indicates that an inverse relationship shculd exist. This ra2sult agrees

with that of Berg (1963).
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Pig-re 6-3 A sequence of photographs taken at 14,000 frames per second of
colliding and conlescing water drops with a potential difference
of 1 volt.
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Figure 6-4 A plot of the inverse of coalescence time as a function of the potential difference
between drops.
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Figure 6-5 A sequence of photographs tsken at 14,000 frames per second of
colliding and separating water drops with no potential difference.




Figure 6-4 does indicate that the coalescence time is inversely
fTuportional to the applied voltage, but the slopes of the curves are

alightly different for different collision velocities. Therefore, the

coalesscence tisme decresses as the voltage ie increased. For a collision

veloecity of 14 centimeters per seccnd, the coalescence time ia 0.266
milliseconds when the potential difference is 10 volts as compared to
2.9 millisuconds shen the potential difference is 1 volt.

Yor the model of two drops approaching each other with a flat

deformation, tl is found to have the following limit for large ﬂc

8,4 b
. (L.ssxio’tv o Bg -~
&, = € 3 ) Ltn(hi)i (5-23)

€6

But as was suggested in section {5-4), h, may also be a function of GO

which means that equation (5-23) is not complete. Since experimentally

it is found thal t, is inversely proportional to ﬂo. then it follows

1
from (5-23) that

r o hy o4
'-""'5 {_tn(ﬁ)} - ka(constant)

¢o

for large ﬂo. Therefore,

=
[

B . exp(-kp /Y

o

From (5-23). t1 cap now be written gs

4
-8, A
tl - (7,68:10 ) ;

[+]

compared to

(6-3)

(6-4)

(6-5)
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.- s
. 2.88x107° 2
1 ¢ 3 (6-6)
, O ‘
determined from exporimentatic;. M woiens seivivg for k Ly ecuating
(6-5) and (6-6) yielar
« o Lo7xa10%
v

For air k = .26

6.3 Effects of Pressure on the Csalescar2a Procuiss

The coalescence times for elr pressures of 190, 380, and 760
millimeters of mercury irside the s23clcd chemtaer sonteining the ceclliding

drops are given in Fig. €-6. 2. terp-rature, relstive humidity, and

collision velocity are nmeittalre “ 2000, -0 par cont, and 14 centimeters
per second, respectively. he rzleticseiips retwacs:, the coalescenze
+ time and the applied potariial ror oo itff2ant po28suras are deter-

mined by the metho§ of lepst Fiuases . e gonngletion eocfficient, as
described by‘Parratt (1941), Zur ioJ wmta A% th. vericus pressurse is
0.822 for 190 millimetenrs of m.reese, 0 V33 o 460 nil;tmcte s of
mercury, and 0.953 for 760 rillimet:r3 ¢f mercury. chevér. when the
data for the thres differunt ro-sscrze iv 2:rgicderad together, a
correlation ccefficiert of 0.%<s 28 dotumired whion indicates a good
correlation of oll the detr i :isrocuert of 2.7 iyfluonze of pressure
for the 2 millimeter dropa exemin-:i.

This result agr=e23 wit, =<h. Ysmlueizn of 8eeticr 5.4, The rodel
used indicates that the <niv wepu=levCd L r tre ecoalescence tima oﬁ air
is that it is proportiergy - . <h: £ 2l praex 5f the vicecoslity of the
air. However, the vigz-sisy o1 goses duess 16t very with moderate changes

in pressure; therasfcon, t4s 2aeiagronde tir: 5 ales independent of preasure.
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Pigure 6-8 A plot of the inverse of coslescence time as a function of the potential difference
betwasn drops for various sir pressures, P,
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6.4 Charge Flow Before Coalescence

A plot of the current time is given in Fig. 6-7. Since the current
is found to start before the apparént coalescence determined by the profile
view of the drops on the film, this rurrent indicates the possibility
that charge is transferred between the drops before their coalescence.
Although the voltage applied between the surfaces is less than 10 volrs
for a very small separation between the surfaces, the local electric
field can exceed the value that is normally required to initiate foniza-
tion of the air. However, the electrons can not obtailn enough kinetic
enargy in this short distance to produce icnization of the air molecules
since the ionization potential of oxygen is 13.5 volts, nitrogen is 14.5
velts and carbon dioxide is 14.4 volts. These ionization potentials are
greater than the 10 volts applisd between the drops; therefore, a dis-
charge between the surfaces by ionization of the air is not likely. How-
ever, just before coalescence small perturbations of liquid on the sur-
faces may be pulled off due to the high electrostatic forces present and
they would carry a net charge. The charge carried by this transfer of
mass could account for the indicated current before coalescence. Since
noe current is observed for the case when the drops collide and separate,
this charge flow would contribute to the initiation of the coalescence
precess.

6.5 Rate of Growth of the Deformation

The rate at which the deformation of the colliding surfaces develop
is given by a plot 1in Fig 6-8 of the height of the flattened area as

a function of the time after the i1nitial defcecrmation. It 1s observed that
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the rate of growth of the deformation is common to all of the different
applied voltages until a lens is formed at the time of coalescence. The
relationskip for the height of the deformation, 2a, is again determined
from the experimontal data by using the method of lesst squares and the
logrithes of a and t. This relstionship is found to be :

4 t3!8

26 = 6.4%X10° (6~7)F

The drops 40 nnt deviate from their originsl spherical shape until
the flattening of the adjacent surfaces begins. However, the height

of the flattened area at coalescence does decrease with an increase

in the potential difference since the coalescence time decreases. i
The growth of the lens height after coalescence is more rapld than
the rate of increase of the height of the flattened area before coalescence,
Algso, the growth rate of the lens height is greater for smaller voltages
than for larger voltages.
The rate of growth of the lens width is shown in Fig. 6-2. This
rate of growth increases in a linear manner although the rate 1ig less

for larger voltages than for smaller ones.
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Figure 6-9 A plot of the lense width as a function ~f time after coaslescence.




CHAPTER VIl
SUMMARY

7.1 Collision Btficliency of Drop Pairs

7.1z Bo Blectrostatlic Force

For the mathamsetical #odel of a pair of drops described in

vt wonk @B N0 OB

Chaptar 111, it is found thet for uncherged drops ranging in size from

5 to 70 microns fuiling in 2 field free space the collision efficiency ]

S

increases as the size of the drop increases for a fixed droplet size as

illustrated in Figure 4-1. For-a 5 micron droplet, the collision

efficlency is zero when paired with 8 25 micron drop or less but it in-

creases to 0.1638 when paired with & 70 micron drop. The collision
etficiency also increases as the size of the droplet increases for a fixed i
drop size. PFor a 50 micron drop, the colligion efficiency is 0.1338 when
paired with & 5 micron droplet but incrasases to 0.7678 when paired with a

20 micron droplet. This is an incresse in the collision efficiency by a
factor of 5.74 and indicates that the collision efficiency of a drop falling
in a cloud of droplets wiil increase ag drop grows in size. Therefore, even
though the collision efficiency of drops in “he initial stages of warm

clouds is small, it increases a3 the 3ize of the drops in the cloud grows.

e

7.1b Electric Field Present

T IR MR G Y SR B ¥ ) A et
.
»

Por a given pair ol uncharged drops. their :ollision

AR R o

efficiency increases wi‘h an applied elentric fiald as shown in Pigures
4-2, 4-3, and 4-4. 1t is found that horizontaliy oriented electric fields

produce a grester increas< in Zolilsion efficlencies than do vertically

90
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oriented fields., For a 5 micron droplet peired with a 30 mieron drop,
a 3600 volt per centimeter field orierted vertically i.cresges the
collision efficiency by a factor of 22.1 compered to an increase of
34.5 for the same fleld oriented horizontally.

For a given drop size the increase in colliisgion efficiency is less
for larger droplet gizes. With a horizoatally applied field of 3800
volts per centimster the collision efficiency for a 30 micron drop
paired with a 5 micron droplet increases by & factor of 34.5 compared
with 29.0 when paired with a 10 micron droplet.

For a given field s<rength, it iz found thkat if the field is
oriented either at 42° or 138° from the vartical, the <ollisicn
elficiency for a drop pair is a mirimum whkere as the meximum collision
efficiency occurs for the horizantally applied fiald. When the drop
size is conatant, the difference between the maximur and minimum eoliistion

This is illustrated

n

cfficiencies decreases as the drople size irncreaage
in Figures 4-6 and 4-7.

7.1¢ Charged Drops

The collision efficiency of gaire of cherged drops in a
fiald free region decrsas=e fcr cherges <f the same cign and increases
for charges of opposiie sign. No notize-abls effect ig observed on the
collision efficiency when the charg-~ m the droplet is less thkan 10—1
coulombe but its efle:t besomes very wvids-t for an Lner=age of one
order of magnitude of charge ec is ghown in Figures 4-8, 4-9, 4-10, and

4-11.
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Por charges of the amme sign, the collision efficiency goes to zero
for charge on the droplet greater than 10‘16 coulombs while for charges
of the opposite sign, the collision efficiency exceeds 8.0 when the
charge on the droplet is greater than 10 °° coulombs. This is an
expacted result, since the electrostatic force for sufficient charges
wvould be attractive or repulsive depending upon the signs of the churges
involved. Therefore, for a cloud of charged drops with alike signs, the
collisgion efficiency of the drops would be small compared to a cloud
composed of charged drops with both signs.

7.1d Charged Drops in an Electric Field

Only vertically oriented electric fields are reported here,
but the collision efficiency of palirs of drops with changes of the same
sign can be increased to values above one. For the charges of opposite
signs the collision efficiency can be decreassd to zero as the magrnitude
of charges is incressed. These results are illustrated in the Figures
4~12 through 4-23 and are the reverse of the results of Section 7.1c
where the drops were charged but no applied field was present. It is
indicated that clouds of drops with charges of the same glgn can have
high collision efficiencies when correctly applied clectric fielde are
present. Thisg is an important result since in clouds composed of charged
drops, regions exist where one sign of charge predominates and the
collision efficlency of the drops is szall unless an electric field is
present. Then the colligion efficiency of theee drops can be increased

to values grester than one.
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7.2 Comliescence of Drop FPairs

7.28 Effects of an Electric Potertial Difference

The coplageence time fcr 2 pillimster drops 1s found to
vary &s the inverge cof ftheir potentigl d4iffersncs, ﬁg, as given in Fig.
6-5. For the model of two dropes with flat deformations, the ratio of the

separation of the surfaces at comisgcencs, 2h to the geparation at the

1!
start of the deformstion, 2h0, ig given by

h

i 7
o= exp(-k ¢

/4
n )
o

(6-4)

where k is a constant. This dependence ariges from the influence of the
electrogtatic forge on the growth of perturbaticn on the surfaces of the
liouid which changes the probapilitv of coalsgoences at any given separation.

7
-

7.2b Effects of Cclligion Velozity

For a deczraasge in the oolliaion veiocity of the approaching
drops, the coslegcence tira will i=oraspe 28 skown in Figure 6-5. Since
the initiagl momenium of the liguild drorg is greatsr for higher collision
velocities. Congidering the modsl of two droyres with flat deformatio=ns,
the coalescence time Lz fZou+mda to be invercaly proportional to the fourth
power of the inertla forzs ab2n ~n slsotrcrtetdic force is presert. This

inertial forzce 18 very ixporZeres 4o tr= coalescance process, since 1t ie

necessary for the coal:zscs~22 of sozlterg-d deops.
7.2¢c Effecta o7 Alr Pr=gg.r2

Tra c.eleptamas time of two drops 2 milliimeters 1 radius
is found to be indepe«rdzct ~7 “he prepgure .f the alir in the <ontinuoue
medium a8 illustratsd in Fig. €-7. Thizs i3 in agr==mert with the rcsuits

from uging the modei (f =w., 22pe w’*th flgt defo=1at'nn gince the cel2iuliated

I



coslescence time depemis only on the viscosity of the air which is
independent of pressure. This is a useful verification of the result
from the model since this justifies neglecting any small variation in

pressure, of the contiruwous medium when considering coslescence.

7.2d Charge Fiow Before Coslescence
The current in the external network of the two drops

suspended on hypodermic nesdles is found to stert a fraction of a milli-
second before any vigible coalepcence occurs gs shown in Figure 6-8.
However, the potemtisl difference between the surfaces is less than 10
volts which is too low to c¢ause the air to lonize even if the electric
field between the surfascez exceeds the nurmal ionlzation value. Since
oxygen, which bas the lowest ionizationm potential of any air constituent,
has an ionlization potentigl of 12.3 volts, the electrons can not obtain
enough energy to ionize the air. Therefore, it appears that perhaps
suall amounts of charged liquid are removed from the surfaces immediately
before their coalevscence carrying cherge gcros3 the air gap. This
phenomenon could be the result of perturbstions on the liquid surfaces
and would be the initiastion of the coalescence process, fince no current
wag ever observed for any case where the droplets separated.

7.2e Rate of Growth of Deformation

The initial rate c¢f deformution of the coiliding surfaces
is found to be independent of the potential applied between the drops.

The radius, a, of the flatten deformetion 18 found to vary as

3/8

-

P gk dpond Gl g
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a= 3.2 X 1074 ¢ (6-6
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This result is heipful sinze 4t 48 usaful ir deriving a ¥~rking mcdel
for two ¢olliding drops and 2% iwrpliss that the aleorrogtatic f oroe
vatgide the deforred reglor zan bs meglzeted ginca it doss not ald in
the growth of ths daformatinn,

After ccalassterce, the heaiglit ¢f the caformation iweoreases 2t a
greater rote than berfore and the widita ¢ ths lens grows linearly with
time. If this lireer relaticustip holds from the beginning of coalescence,
then it can be usged to aocurately deterwing the time of coalgscencs.

The time of ccaiescerce found by this method 1s in good agresment, with
the vigible evidence of zcalesszrcs from g profile viaw of the celliding
drops.

7.3 Recommendations r Further Rescgrsh

"o date, neither the tietostilal rodels nor the laboratory
experiments havez bean complzisely gdeg.et? in studying the interaction
of drops in proximity. Further work tesed on preliminary results
already obtained is essertigl in explaining the complete behavior of
aggregaticons of dreps. Therafere, frem tle results repeorted in the

roavious chapiers, furiter ras-arsh rsonmrended is as follows:

4

1) The collisicorn s£fficisnolas ezt 2t in Chagpter IV should be used

“~ e~ompute th3 growtk reta CF srapg fplling through 2 clcoud of droplets.
2) Lebeoratory sxpariwe-ts s -o.i: be degligred and implimented to obtain
Mmers acourat reesuremente 7 L0 : Yyir dynavics and the ceollision efri-

clercizs of picrom elo: Jdwrpe (aving 17 a visgcousg mediam,

3) The thecretizel mrdel Zov th2 mrtlirn of two dropeg which zollide

end coaleste shr 21 be sxt-no-a3 t inclote aadilicral rarem=lars end

crther -—cgglhle oo Bl

P0mg o L e Gulnrvaticn S e pdipaont rirfaces.
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Two additional parameters to be included should be the effect of relative
bumidity of the surrounding medium and the influence of the evaporation
of liguid from the surfaces of the drops. One posgible configuration of
the deformmtion shouid be suck ihat a ges bubble is trapped between the
sdjacent surfaces reversing ithe curvature of the drop suriaces.
8} The meaguremonts of coaléescence times and the rate of growth of
deformation of millimeter aize drops should be sxtended to include
& wider range of ooliision velovities, different humidities, different
tamperatures, and different liquide.
€) lLaborstory sxperiments shoiu.d be designed and implimented to obtain
nessureaents on the conlescence of micron size drops. This study should
include the effects of electric field, charge, collision velocity,
relative humidity, temperature, and viscosity of the medium for a wide

range of micron size drops.
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